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Before reconstructing potential climate information preserved in Holocene 





PC in modern specimens. We evaluated whether P. vulgata shells precipitate in 
isotopic equilibrium with the ambient water by comparing δP
18
PO BSHELL B with expected values. 
Comparison revealed that δP
18
PO BSHELL B values were 1.51±0.21‰ higher than expected 
(corresponding estimated SST was 6.5±2.5 °C lower than observed SST). However, an 
adjustment can account for this predictable vital effect to reliably reconstruct SST.  
 
Tropical species, P. stellaeformis, was evaluated to determine whether it displays a 
similar positive offset from equilibrium as P. vulgata. We tested the hypotheses that 
δ P
18
PO BSHELL B in tropical species displays vital effects and the disequilibrium would be constant 
and predictable. Our results indicated P. stellaeformis δP
18
PO BSHELL B exhibits a negative offset 
from expected equilibrium. Differences in mineralogy or growth rates at different latitudes 
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Accelerated climate change due to global warming has already started to affect mid- 
to high-latitude coastal environments, due to fluctuating sea levels and increased intensity 
and/or frequency of storm activity (IPCC, 2001). Coastal environments by their very nature 
are subject to change and transformation; however, because present society is dependent on 
coastal areas, such as permanent infrastructure and estuarine and marine resources, climate 
change can have a devastating effect on human population. For example, northern Europe 
has experienced increased precipitation over the last century that has already affected some 
northern countries through “coastal squeezing” (i.e., elimination of coastal areas from rising 
sea-levels and fixed hard defenses, such as levees and seawalls, to protect flooding) (IPCC, 
2001). Continued loss of coastal habit may reduce or eliminate many of our socioeconomic 
and food resources. 
 
The potential impact of climate change in coastal areas can be studied by looking at 
past records of change. However, because the earliest instrument-based records of 
temperature and other environmental parameters only extend back to the 17P
th
P century, proxy 
records are needed. The most common proxies have come from deep-ocean sediment and 
terrestrial records, but these archives do not provide information about coastal environments. 





respectively) contained in carbonate hard parts of shallow marine organisms, can help fill this 
gap in our knowledge and aid making predictions of the nature and effects of future climate 
change.  
 
Shells of the European limpet, Patella vulgata, from Holocene archaeological 
deposits may contain critical information about past climate change in coastal areas. Before 
past climate can be documented using these zooarchaeological records, the environmental 





PC in modern specimens. If successful, this method can be applied to 
archaeological specimens to reconstruct past climate conditions and provide insight on issues 
of global warming. 
 





PC as proxies for environmental reconstruction and the vital effects that potentially 
influence δP
18
PO in limpet shells. Chapter 2 evaluates whether shells of P. vulgata provide a 
new archive for paleoenvironmental reconstruction in mid- to high-latitude coastal areas. 
This manuscript was submitted to Geochemistry, Geophysics, Geosystems (G P
3
P). Chapter 3 is 
a follow-up study to the findings in Chapter 2 and assesses vital effects in δP
18
PO of limpet 
shells by comparing tropical species, P. stellaeformis, to P. vulgata. This manuscript will be 
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Climate archives contained in shells of the European limpet (Patella vulgata), which 
are found in Viking archaeological deposits, may provide much needed information about 
Late Holocene environmental change in mid latitude coastal areas. To lay the groundwork for 
the interpretation of archaeological shells, we studied the controls on oxygen and carbon 
isotope ratios (δP
18
PO and δP13PC, respectively) in modern specimens. We tested the hypothesis 
that P. vulgata precipitates its shell in isotopic equilibrium with the ambient water by 
comparing δP
18
PO BSHELL B with predicted values. Predicted δP
18
PO BSHELL B was constructed using 
observed sea surface temperature (SST) records and the equilibrium fractionation equation 
for calcite and water. We assumed a δP18PO BWATER B value of +0.10‰ (VSMOW) based on 
published regional measurements. Comparison of δP
18
PO BSHELL B with predicted values revealed 
that δP18PO BSHELL B values were higher than expected by +1.51±0.21‰. Consequently, estimated 
SST calculated from δP18PO BSHELL B was 6.5±2.5 °C lower than observed SST. However, because 
of the relatively uniform offset between observed and expected δP18PO, an adjustment can be 
made to account for this predictable vital effect. Thus, past climate can be reliably 
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reconstructed using this temperature proxy once the offset is taken into account. δP
13
PC values 
have a similar cyclicity to the δP
18
PO variation, and therefore, vary seasonally. However, δP13PC 
is slightly out of phase relative to δP
18
PO. An overall negative shift in δP
13
PCBSHELL B over the 
lifetime of the individual indicates a vital effect associated with ontogeny. Further study of 
environmental and ecological factors that influence shell δ P
13
PC is required to evaluate fully the 




Mid- to high-latitude coastlines are sensitive to changing climate and environmental 
conditions, especially sea-level fluctuations and storm frequency and intensity. Yet, most 
climate information from times dating prior to instrument measurements is reconstructed 
from deep-sea sediment and terrestrial records (e.g., Hays et al., 1976; Dansgaard et al., 
1984; Oeschger et al., 1984; Huntley and Prentice, 1988; Berglund et al., 1994; McManus et 
al., 1994; and many others). Hence, a paucity of information exists for coastal areas. Because 
climate change can have a major impact on human economy, resources, and ecosystems, 
acquiring proxies from coastal areas for paleoclimate reconstruction is crucial to 
understanding how coastlines may respond to future climate change. 
 
Using stable isotopes in mollusc shells as proxies for environmental reconstruction 
began with the observation that most mollusks precipitate their shells in isotopic equilibrium 
with the ambient water (e.g., Epstein et al., 1951; Epstein et al., 1953; Craig, 1957; Grossman 
and Ku, 1986). Later work focused on interpreting the environmental records contained in 
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mollusc shells through a combination of sclerochronology (analysis of growth features 
formed in accretionary hard parts) and geochemical analyses (Jones, 1983; Jones et al., 1984; 
Jones et al., 1989; Jones and Quitmyer, 1996). Subsequently, many studies have 
reconstructed environmental and climate change using carbonate hard parts of aquatic 
organisms (e.g., Jones et al., 1984; Krantz et al., 1987; Cohen and Tyson, 1995; Elliot et al., 
2003; Surge et al., 2003; Schöne and Surge, 2005; Surge and Walker, 2006; Walker and 
Surge, 2006; and many others). 
 
Here, we present a new climate archive preserved in shells of the common European 
limpet, Patella vulgata, as variations in oxygen and carbon isotope ratios (δP
18
PO and δP13PC, 
respectively). P. vulgata shells are common in coastal Viking deposits (900-1550 AD) in the 
United Kingdom (Barrett, et al., 2004) and potentially record climate change during the 
Medieval Warm Period and early Little Ice Age. Before we can interpret the climate archives 




PC in modern 
specimens. We tested the hypothesis that P. vulgata precipitates its shell in oxygen isotope 
equilibrium with the ambient water. We also examined whether shell δP
13
PC provided seasonal 
information.  
 
2. Ecology of Patella Vulgata 
 
P. vulgata are gastropods that inhabit rocky shorelines in the high intertidal and 
shallow subtidal zones. This species occurs in the cold-temperate biogeographic province 
from Norway to Spain. P. vulgata live in salinities ranging from 20 to 35 psu (practical 
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salinity units) and extreme temperatures ranging from -8.7 to 42.8 °C (Crisp, 1965; Branch, 
1981). They reside on a home base or scar, and make short trips away to graze on algae, 
diatoms, and spores; therefore, the shells record environmental conditions from one location.  
 
P. vulgata from the United Kingdom grow slowly during the winter and most rapidly 
during the early summer (Blackmore, 1969; Lewis and Bowman, 1975; Ekaratne and Crisp, 
1982; Ekaratne and Crisp, 1984; Jenkins and Hartnoll, 2001). Ekaratne and Crisp (1984) 
reported a small slowdown in P. vulgata growth during mid-summer (July) due to 
reproduction and gonad maturation, with a second peak in rapid growth occurring in late 
summer (August-September), based on sclerochronologic (growth line counting) techniques. 
In contrast, Blackmore (1969) observed that growth continued at its maximal rate until after 
spawning in the fall. Growth rate varied from approximately 0.005 mm/month to 2.6 
mm/month (Blackmore, 1969; Ekaratne and Crisp, 1984). Reported growth rates and 
sclerochronology were used as guidelines for our microsampling strategy. 
 
3. Study Area 
 
3.1 Shell Collection  
 
In 2000 and 2001, P. vulgata specimens were collected alive from St. Mary’s 
Lighthouse, Northumberland, United Kingdom (Figure 2.1). The site is a natural rock 
promontory with a tidal causeway that runs out to a lighthouse. Twelve collections of limpets 
were made from February 2000 to June 2001, and between 25 and 35 high-shore and mid- to 
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low-shore limpets were gathered during each collection. Individuals were pried off the rocks 
using a penknife, and the animal was scooped out of the shell by hand at the collection site. 
The empty shells were taken back to the Bioarchaeology Laboratory at the University of 
Newcastle and were rinsed clean with warm water. Three high-shore limpets from the 
January 2001 (shell NL-0101-2) and June 2001 (shells NL-0601-2 and NL-0601-3) 
collections were chosen for the isotope analysis presented in this paper.  
 
3.2 Water Properties and Chemistry 
 
Weekly records of sea surface temperature (SST) measured at Newcastle-upon-Tyne, 
England were obtained from the National Oceanic and Atmospheric Administration (NOAA) 
Optimum Interpolation (OI) SST V2 database (NOAA-CIRES ESRL/PSD, 2006) (Figure 
2.1). SST ranged from 5.18 to 17.71 °C for years 1991 through 2001, with winter 
temperature averaging 7.13±0.93 °C (n=128) and summer temperature averaging 14.04±1.56 
°C (n=129). The Centre for Environment, Fisheries, and Aquaculture Science (CEFAS) 
measured salinity periodically at Whitley Bay, England from 1994 through 1996 (Figure 
2.1). Salinity values ranged from 34.5 to 34.8 psu and averaged 34.6±0.1 psu (n=30) 
(CEFAS, 2006), confirming that the P. vulgata specimens collected for this study grew under 
normal marine conditions throughout the year. 
 
Hickson et al. (1999) measured the oxygen isotope ratio of seawater offshore of 
Yorkshire, England, southern North Sea. δP
18
PO BWATER B values averaged +0.16±0.04‰ 
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(VSMOW) (n=8) in October-November 1994 and +0.04±0.03‰ (VSMOW) (n=3) in 
April-July 1997. They calculated an average δP
18




4.1 Analysis of Shell Microstructure 
 
Acetate peels were prepared to: (1) identify microstructural layers and growth lines; 
(2) evaluate preservation of original mineralogy; and (3) distinguish between aragonitic and 
calcitic mineralogical layers. Shells were sectioned from anterior to posterior, parallel to the 
maximum growth axis. Cross sections were polished to 1µm diamond suspension grit 
(Buehler), and photographed digitally prior to acetate peel preparation (Figure 2.2A). We 
prepared acetate peels according to the methods described by Richardson et al. (1979) and 
viewed them under a low-power microscope (2.5x magnification). Polished shell surfaces 
were immersed in Mutvei’s solution to enhance growth lines and increments (see Schöne et 
al., 2005a for a detailed explanation of this procedure) (Figure 2.2B). This process allowed us 
to identify lunar, fortnightly, and annual growth lines and increments and provided guidelines 
to determine an appropriate microsampling protocol for geochemical analyses. Feigl’s 
solution was used to determine the extent of the outer aragonitic layer (Feigl, 1958) (Figure 





4.2 Geochemical Analyses  
 
After identifying the microstructural layers, mineralogy, and growth lines, we 
prepared the shell surfaces for microsampling. Each specimen was set in a metal-based epoxy 
resin. A 2 mm thick section was cut using a Buehler Isomet low-speed saw, mounted to a 
glass microscope slide, and repolished. A dental drill system (Minimo micromill) attached to 
a binocular microscope was used to identify paths for milling, allowing for high-resolution 
sampling (approximately 50-100 µm spacing). We chose the outer, concentric crossed 
foliated and radial, crossed foliated calcite layers (Figure 2.3) because: (1) the outer aragonite 
layer in P. vulgata is not very extensive (MacClintock, 1967); and (2) the inner aragonite and 
calcite layers are in contact with the metabolically active visceral mass and may be subject to 
dissolution and resorption during anaerobic conditions (Lutz and Rhoads, 1977; Gordon and 
Carriker, 1978; Signor, 1982). 
 
Approximately 30-100 µg of carbonate powder were micromilled from each sample 
path, parallel to growth direction, using a 1 mm drill bit, and sample paths were spaced at 
50-100 µm intervals. We collected 117, 108, and 215 samples for δ P
18
PO and δP13PC analyses 
from shells NL-0101-2, NL-0601-2, and NL-0601-3, respectively. The samples were reacted 
with 99% anhydrous phosphoric acid at 72 °C in an automated carbonate preparation device 
(Gas Bench II) coupled to a Finnigan MAT-253 mass spectrometer. Oxygen and carbon 
isotope ratios of the samples are reported in per mil units (‰) relative to the VPDB carbonate 
standard. Corrections for P
17
PO have been made according to Craig (1957). Precision of the 
instrument determined from replicate analyses was ±0.07‰ for δP18PO and ±0.04‰ for δP13PC. 
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Specimen NL-0101-3 was sampled at 70-200 µm intervals for determination of 
Mg:Ca ratios to assess whether P. vulgata shells were composed of low- or high-magnesium 
calcite (LMC and HMC, respectively). Carbonate samples were dissolved individually in 1.5 
mL of dilute Fisher Optima grade HNO B3B+HCl spiked with indium as an internal standard. 
The solutions were analyzed for Mg and Ca content on a Finnigan Element inductively 
coupled plasma-mass spectrometer (ICP-MS). It was not possible to accurately weigh the 
individual samples due to the small sample size; therefore, raw solution data (ng/g) are 
reported as molar Mg:Ca ratios using mmol/mol concentrations. Raw solution data has been 
converted from molar Mg:Ca ratios to mol-% Mg by calculating the contribution of all 
measured cations (i.e., Ca, Sr, and Mg) and normalizing to 100%. Check standards and 
sample replicates and duplicates show an analytical precision better than ±1% RSD (raw 
standard deviation). 
 




To verify agreement with equilibrium precipitation, a predicted shell representing the 
expected δP18PO BSHELL B precipitated under isotopic equilibrium was calculated using observed 
weekly SST and the equilibrium fractionation equation for calcite and water (Kim and 
O’Neil, 1997) as follows: 
 
1000lnα = 18.03(1000/T) - 32.42     (2.1) 
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where T is temperature in Kelvin and α B Bis the fractionation factor between calcite and water. 
The relationship between α and δ is: 
 
α = (δBCALCITE B + 1000) / (δBWATER B + 1000)     (2.2) 
 
 where δ is expressed relative to VSMOW. We assumed a δP
18
PO BWATER B value of +0.10‰, 
based on the average seawater value reported for the southern North Sea (Hickson et al., 
1999). Predicted δP18PO values calculated from Eq. (2.1) were converted from the VSMOW to 




PO B(VPDB)B = (δP
18
PO B(VSMOW) B - 30.91) / 1.03091     (2.3) 
 
To align measured shell δP18PO with the predicted time series, we assigned calendar 
dates to observed values by anchoring the growing edge sample to the shell collection date. 
This approach was used for specimens NL-0601-2 and NL-0601-3 because both individuals 
were collected during their growing season. In the case of specimen NL-0101-2, because it 
was collected in January during its period of winter growth cessation, the growing edge was 
anchored in September of the previous fall before cessation began. This approach is 
supported by previous growth studies discussed in the ecology section above. The remaining 
points were aligned with the predicted time series, taking into consideration ontogeny (e.g., 
the organism accreted shell more rapidly during juvenile years), annual and fortnightly 
growth lines identified during the sclerochronologic analysis, and the general pattern of the 




5.1 Mineralogy and Microstructure 
 
 The acetate peels confirmed preservation of original mineralogy and revealed five 
microstructural shell layers (Figure 2.3). The two layers interior to the myostracum (muscle 
attachment site identified by an “m” in Figure 2.3) are composed of a calcitic, radial crossed 
foliated layer (m-2) and an aragonitic, radial crossed lamellar layer (m-1) (terminology based 
on MacClintock, 1967; Carter et al., 1990). These layers are subject to dissolution and 
resorption during anaerobic conditions and were not used for isotopic analysis. The three 
layers exterior to the myostracum are composed of: (1) an aragonitic, concentric crossed 
lamellar layer (m+1); (2) a calcitic, concentric crossed foliated layer (m+2); and (3) a calcitic, 
radial crossed foliated layer (m+3). Examining the depositional surfaces in reflected light, as 
well as, by scanning electron microscopy (SEM) verified these microstructures. Similar to 
the findings of MacClintock (1967), Feigl’s solution revealed that the outer aragonite layer 
did not occupy a significant portion of the shell margin. Thus, calcitic and aragonitic 
mineralogies were not mixed while microsampling. 
 
 Shell cross sections immersed in Mutvei’s solution revealed major and minor growth 
lines and increments. Major growth lines, representing interruptions in shell growth, were 
spaced approximately 200 to 2,500 µm apart (Figure 2.2B). Minor growth increments were 
approximately 10 to 200 µm in width and consisted of periodic bundles containing 14 to 15 
microgrowth increments separated by microgrowth lines (Figure 2.4). The major and minor 
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growth lines and increments were used to determine our microsampling protocol and to align 
measured δP
18
PO values with the predicted δP
18
PO time series.  
 
5.2 Measured Oxygen and Carbon Stable Isotope Ratios 
 
 Variation in δP
18
PO of all three shells follows a sinusoidal trend (Figure 2.5) and ranges 
from +1.07‰ to +2.89‰, +0.85‰ to +3.34‰, and +0.64‰ to +3.44‰ (shells 
NL-0101-2, NL-0601-2, and NL-0601-3, respectively). δP18PO values average +1.93±0.42‰ 
(NL-0101-2), +2.02±0.61‰ (NL-0601-2), and +1.96±0.75‰ (NL-0601-3). The δP18PO values 
of shells NL-0601-2 and NL-0601-3 show similar amplitudes. In contrast, shell NL-0101-2 
has a diminished range of δP
18
PO values. Major growth lines identified during the 
sclerochronologic analysis coincide with the most positive δP18PO values in all three shells. The 
major growth lines also correspond with the fewer number of δP18PO data points representing 
the most positive δP18PO values. 
 
Like the δP18PO values, δP13PC values of all three shells follow a sinusoidal trend (Figure 
2.5) and range from +0.36‰ to +1.43‰, -0.41‰ to +0.71‰, and -1.54‰ to +0.53‰ 
(shells NL-0101-2, NL-0601-2, and NL-0601-3, respectively). Variation in δP13PC averages 
+0.99±0.19‰ (NL-0101-2), +0.25±0.29‰ (NL-0601-2), and -0.15±0.45‰ (NL-0601-3). 
Shell NL-0601-3 has the largest range of δP
13
PC values compared to the other two shells. δP13PC 
in all three shells decreases toward lower values with increasing age. Variation in δP13PC does 
not necessarily vary in tandem with the oxygen isotope ratios. The δP
13
PC values of shells 
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PC values in shell 
NL-0601-2 tend to lag behind the δP
18
PO values. Conversely, in shell NL-0101-2, δP13PC values 
tend to lead ahead of the δP
18
PO values. Variation in δP
13
PC in shell NL-0601-3 does vary in 
tandem with the δP
18
PO values. However, δP
13
PC in the earlier part of shell NL-0601-3 does not 
exhibit a large range of values; hence, δP
13
PC does not emulate the full variation of δP
18
PO. 
Conversely, in the later part of the shell, the range of δ P
13
PC values mirrors the range of the 
δP
18
PO values.  
 




PC for all three shells reveal no covariant trend 
(NL-0101-2: r P
2
P=0.06, n=117, p=0.011; NL-0601-2: rP
2
P=0.03, n=108, p=0.081; NL-0601-3: 
r P
2
P=0.16, n=215, p<0.001) (Figure 2.6). However, δP
13
PC in the later (more mature) part of shell 
NL-0601-3 (beginning approximately 3.5 mm from the shell margin) reveals a strong 




P=0.80, n=90, p<0.001). Overall, shell NL-0101-2 values do not 
overlap with the other two shells, illustrating the average δP
13
PC value for shell NL-0101-2 is 
approximately 1‰ more positive than the average δ P
13
PC values for the two other shells.  
 
5.3. Predicted Oxygen Isotope Ratios 
 
The predicted δP18PO time series is sinusoidal, reflecting the seasonal variation in SST. 
The time series represents weekly predicted δP18PO values from July 1, 1991 to June 4, 2001. 
Predicted δP
18
PO values range from -0.77‰ to +2.02‰ and average +0.91±0.70‰ (Figure 
2.7). 
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5.4 Mg:Ca Ratios and Mol-% Mg Content 
 
We sampled shell NL-0101-3 for Mg:Ca ratios to determine whether the calcite was 
composed of LMC or HMC. Shell NL-0101-3 Mg:Ca ratios range from 13.88 to 16.13. 
Values of mol-% MgCOB3B were calculated and range from 1.39 to 1.59 mol-% MgB B(Table 
2.1). HMC contains greater than 4 mol-% Mg (Prothero and Schwab, 1996); therefore, the 








 We evaluated whether P. vulgata precipitate their shells in isotopic equilibrium with 
the ambient water by comparing measured δP
18
PO values against predicted shell values (Figure 
2.7). Variation in measured values followed the sinusoidal pattern of the predicted shell; 
however, measured values were offset positively. The average offset between measured and 
predicted values was 1.49±0.20‰, 1.52±0.22‰, and 1.51±0.21‰ for shells NL-0101-2, 
NL-0601-2, and NL-0601-3, respectively, resulting in an overall average offset of 
1.51±0.21‰. Comparison of measured and predicted values also showed that the most 
positive δP18PO values are underrepresented in the shells, agreeing with previous growth rate 
observations that P. vulgata slow their growth during winter months. In particular, the range 
of δP
18
PO values in specimen NL-0101-2 does not span the range of predicted δP
18
PO values as 
do the other two specimens, suggesting a relatively slow growth rate in this specimen 
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potentially associated with ontogenetic change. This observation agrees with other oxygen 
isotope studies of mollusc shells, where the truncated range of δP
18
PO BSHELL B values compared to 
predicted equilibrium values reflected slower growth rate associated with ontogeny (Jones et 
al., 1986; Weidman et al., 1994; Goodwin et al., 2003). 
 
To evaluate the effect of the +1.51‰ offset on SST reconstruction, we converted 
measured δP
18
PO BSHELL B to estimated SST using the equilibrium fractionation equation (Eq. 2.1), 
assuming a δP
18
PO BWATER B value of +0.10‰, and compared estimated SST with observed SST. 
Without taking the 1.51‰ offset into account, estimated SST averaged 5.4±2.5 °C. Observed 
SST averages 11.90±2.36 °C; therefore, estimated temperature from δP
18
PO BSHELL B results in an 
underestimation of temperature by 6.5 °C (Figure 2.8A). If the offset is taken into account, 
then corrected SST estimates align with observed SST (Figure 2.8B). Correction of this 
offset agrees with previous oxygen isotope studies on other limpet species, where the authors 
attempted to account for this offset by removing approximately 1‰ from δ P
18
PO BWATER Bin their 
respective paleotemperature equations (Shackleton, 1973; Cohen and Tyson, 1995). Several 
possible mechanisms may explain the offset from expected equilibrium. 
 
6.2 Mol-% MgCO B3B and Isotopic Disequilibrium 
 
One possible explanation for the positive offset of δP18PO from equilibrium is that P. 
vulgata shells are composed of HMC. HMC contains greater than 4 mol-% MgCO B3B and is 
typically ~15 mol-% MgCOB3B (Tarutani et al., 1969; Prothero and Schwab, 1996). The 
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equilibrium fractionation equation for calcite and water must include an additional term of 
0.06‰ per mol-% MgCO B3B if the material is HMC (Tarutani et al., 1969; Carpenter et al., 
1991). If the shell is LMC, the equilibrium fractionation equation does not include the mol-% 
MgCOB3B term. An error can occur in paleotemperature estimates of 0.26 P
o
PC per mol-% 
MgCOB3B if the extra term for HMC is not taken into account. If P. vulgata shells are 
composed of HMC, they must contain at least 25 mol-% MgCO B3B to account for the 
+1.51±0.21‰ offset from isotopic equilibrium. Shell NL-0101-3 contained 1.39 to 1.59 
mol-% MgCO B3B; therefore, calculated paleotemperature estimates would increase by 
approximately 0.36 to 0.41 °C (or a maximum of +0.10‰ shift in predicted δP18PO BSHELL B). 
Thus, mol-% MgCO B3B does not explain the observed offset from predicted values. 
 
6.3 Vital Effects 
 
Vital effects can cause isotopic disequilibrium in carbonate skeletons. Organisms that 
display vital effects, where observed δP18PO values are more positive than expected equilibrium 
values, include barnacles, foraminifera, benthic calcareous algae, ahermatypic corals, and 
marine snails (Land et al., 1977; Wefer and Berger, 1980; Wefer and Berger, 1981; Wefer 
and Killingley, 1980; Killingley and Newman, 1982; Smith et al., 1988; Wefer and Berger, 
1991). In the case of barnacles and marine snails, both are intertidal organisms with sessile 
life habits similar to limpets; therefore, life habit may explain the similar positive offset from 
expected equilibrium (but see Schöne et al., 2006). The underlying cause for this similar 
positive offset from expected equilibrium may relate to similar processes of shell 
precipitation.  
  20
Shell precipitation in mollusks occurs within the extrapallial fluid (EPF), located 
between the mantle and shell. Oxygen and carbon arrive at the biomineralization site for 
carbonate precipitation through ion sources involving: (1) COB2B diffusing through the mantle 
cavity; or (2) HCO B3PB
-
P and CO B3PB
2-
P moving actively across the mantle epithelium (Wheeler, 
1992). Departures from isotopic equilibrium, classified as kinetic or metabolic isotope 
effects, potentially result from processes affecting these ion sources.  
 
Kinetic isotope effects involve CO B2B hydration and hydroxylation processes, where the 




PC isotopes preferentially incorporates the lighter 
isotopes into the biomineralization medium (e.g., EPF in mollusks or extracytoplasmic 
calcifying fluid in corals) (McConnaughey, 1989a; 1989b). Kinetic isotope effects cause the 
depletion of both P
18
PO and P13PC relative to equilibrium values, with increased growth rates 




PC (Erez, 1978; McConnaughey, 1989b). However, 




PC in all three limpet shells, suggesting that 
kinetic isotope effects are minimal for P. vulgata, with the exception of the later part of shell 
NL-0601-3 (Figure 5; McConnaughey, 1989; Spero et al., 1997; Elliot et al., 2001). The 
older (more mature) part of shell NL-0601-3 exhibits a strong covariant trend between δP
13
PC 
and δ P18PO, which may reflect a kinetic isotope effect due to an ontogenetic change in growth 
rate (i.e., as growth slows down, discrimination between isotopes at the site of shell 
deposition can occur).  
 
  Metabolic isotope effects due to respiration introduce a lighter COB2B source into the 
biomineralization medium than dissolved COB2B from seawater (Swart, 1983). Incorporation of 
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PC values relative to 
equilibrium (Swart, 1983; Spero and Lea, 1996; Smith et al., 2000). However, 
McConnaughey (1989a) suggested that as respired COB2B moves from the mitochondria to the 
cytoplasm and skeleton, it could potentially exchange its oxygen with water, thus affecting 
the oxygen isotope ratio while leaving the carbon isotope composition controlled by respired 
COB2B. Carbonic anhydrase, an enzyme that catalyzes oxygen isotope exchange between COB2B 
and water, may assist this exchange. If this is the case, then this potential oxygen exchange 






P ions produced during shell precipitation can also control the calcification 
environment by influencing pH, although calcium adenosine triphosphatase (Ca-ATPase) in 
the EPF may regulate pH by removing H P
+
P ions from the system (McConnaughey, 1989b). 
Nevertheless, some studies link pH with disequilibrium of δP18PO and δP13PC values (McCrea, 
1950; Uskowski and Hoefs, 1993; Spero and Lea, 1996; Spero et al., 1997; Zeebe, 1999; 
Adkins et al., 2003). Spero et al. (1997) proposed a “carbonate ion effect” where higher pH 
(i.e., more CO B3PB
2-
P ions) correlated with lower δP18PO values. However, they noted in their 
experiments with foraminifera that when CO B3PB
2-





PC values remained constant rather than increasing. This finding suggested that the 
“carbonate ion effect” might not apply to disequilibrium associated with δP18PO values 
positively offset from expected equilibrium values.  
 
Although some processes mentioned above could potentially apply to P18PO and P13PC 






PC. McConnaughey (1989a) suggested that the enrichment of P
18
PO in 
barnacle calcite relative to calcite equilibrium does not fall under kinetic or metabolic 
disequilibrium and may represent some other form of disequilibrium (i.e., some unknown 
phenomenon). Hence, other studies have attempted to explain enrichment of P18PO relative to 
equilibrium with other external or internal processes. 
 
Shifano and Censi’s (1983) study of oxygen isotope ratios in P. coerulea shells 
attributed P
18
PO enrichment to precipitation during evaporative conditions (i.e., an external 
process) within and around the shell at intermediate tide. If the limpets lived where 
microhabitat conditions influenced δP18PO BWATER B, such as tide pools, then this idea could 
possibly explain the P
18
PO enrichment. However, a subsequent study by Schifano and Censi 
(1986) using subtidal P. coerulea observed similar departures from isotopic equilibrium, 
suggesting that evaporation may not control the disequilibrium. Moreover, our limpet 
specimens were not collected from tide pools. Conversely, other studies observed desiccation 
stress as a significant factor in limpet biology (Davies, 1969; Branch, 1981; Verderber et al., 
1982; Lowell, 1984). In particular, Davies (1969) noted a lag time where limpets come back 
to osmotic equilibrium after being emergent. If desiccation stress is important to the 
organism, then the evaporation of seawater associated with desiccation could potentially 
influence δP18PO BSHELL B. However, evaporation would likely cause a variable offset in the oxygen 
isotope ratios whenever the organism accretes new shell material. Because there was a 
consistent offset from equilibrium values, evaporation does not likely explain the δP18PO 
disequilibrium in limpet shells. 
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Alternatively, an internal process may contribute to the transport of P
16
PO isotopes out 
of the calcifying medium. Land et al. (1977) attributed shell P
18
PO enrichment relative to 
equilibrium in ahermatypic, scleractinian corals to active water transport across membrane 
surfaces through the coelenteron or active formation (and translocation) of organic 
intermediates. Perhaps similar internal processes create the P
18
PO enrichment in P. vulgata 
shells relative to equilibrium. 
 
Understanding the mechanism responsible for P
18
PO enrichment relative to calcite 
equilibrium in shells of P. vulgata warrants further study. Measuring P. vulgata EPF may 
provide some additional insight into the calcification medium and process, as well as 
obtaining detailed δP18PO BWATER B data to assess local seawater conditions. Furthermore, a 
latitudinal comparison of P. vulgata may help test whether the offset from isotopic 
equilibrium relates to differences in temperature and growth rate processes at different 
latitudes. Such a study is underway. Although δP
18
PO of P. vulgata shells is not in equilibrium 
with expected values, the predictable and relatively uniform offset suggests δP
18
PO BSHELL B can be 
reliably used to reconstruct SST once this offset is taken into account.  
 
6.4 Timing of Growth Line Formation 
 
Sclerochronologic studies of mollusc shells have attributed the formation of annual 
growth lines to a variety of causes, including minimum or maximum temperatures, 
reproductive processes (i.e., spawning), and food supply (e.g., Pannella and MacClintock, 
1968; Lutz and Rhoads, 1977; Jones 1983; Arthur and Allard, 1987; Jones et al., 1989; Jones 
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et al., 1990; Cerrato et al., 1991; Jones and Quitmyer, 1996; Surge et al., 2001; Schöne et al., 
2005b). In this study, the major growth lines identified during sclerochronologic analysis 
correspond to the most positive δ P
18
PO values, suggesting the major growth lines are annual 
and deposited during winter. Shells contain fewer measured δP
18
PO values corresponding to the 
cold season, further supporting the observation that growth rate slows down during winter 
months. Our observation agrees with growth rate studies of P. vulgata from the United 
Kingdom, where they observed decreased growth rate during winter (Blackmore, 1969; 
Lewis and Bowman, 1975; Ekaratne and Crisp, 1984; Jenkins and Hartnoll, 2001). SST 
dropping below the optimal growth temperature (12-17 °C based on growth rate observations 
by Ekaratne and Crisp, 1984) or reproductive processes (i.e., spawning occurring in early fall 
[Blackmore, 1969; Branch, 1981]) may cause this slowdown or cessation in growth. 
 
The major growth line observations of P. vulgata agree with other mid- to 
high-latitude sclerochronologic studies of other molluscan species. For example, 
sclerochronologic studies of the bivalves, Mercenaria mercenaria, Spisula solidissima, and 
Arctica islandica, all reported growth slowdown during winter due to cold temperatures, as 
well as potential slowdown during fall caused by spawning and winter caused by food 
shortage (Pannella and MacClintock, 1968; Jones, 1980, Williams et al., 1982; Arthur and 
Allard, 1987, Jones et al., 1989, Weidman et al., 1994; Schöne et al., 2005b). Similarly, 
growth rate in other phyla from mid to high latitudes, such as sub-arctic to arctic barnacles, 
Balanus balanoides, and temperate fishes, Encrasicholina punctifer (growth rate determined 
from the otoliths or ear bones), decreases during winter, related to temperature and 
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reproductive processes (Bourget, 1980; Pannella, 1980; Wang and Tzeng, 1999). These same 
processes likely contribute to the reduced growth rate of P. vulgata during winter. 
 
Minor growth increments identified during sclerochronologic analysis are arranged in 
periodic bundles containing approximately 14 to 15 microgrowth increments (Figure 2.4), 
suggesting that the minor growth increments represent fortnights, composed of semidiurnal 
and lunar daily microgrowth increments controlled by tides. Previous growth rate studies of 
P. vulgata observed these minor fortnightly and daily growth increments (Ekaratne and 
Crisp, 1982; Ekaratne and Crisp, 1984), and sclerochronologic studies of other gastropods 
reported similar findings (e.g., Schöne et al., 2006). Moreover, other studies have observed 
tidally-controlled growth patterns in shells of different molluscan species (e.g., Pannella and 
MacClintock, 1968; Evans, 1972; Clark, 1974; Goodwin et al., 2001; Schöne et al., 2006), 
which are in accordance with our observations.  
 




Unlike measured δ P
18
PO, δP13PC is more difficult to interpret because we lack the 
appropriate water property data (e.g., chlorophyll a [a proxy for primary productivity], δ P13PC 
of dissolved inorganic carbon [DIC], pH, etc.). However, because variation in δ P
13
PC has a 
similar cyclicity to δ P18PO, we infer a seasonal influence on its variability. Some studies have 
found seasonal variation in δP
13
PC corresponding to changes in salinity (e.g., Surge et al., 2001; 
Fry, 2002); however, salinity in our study area remains near normal marine values 
throughout the year. Conversely, other studies correlate seasonal variation in δP13PC with DIC 
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of seawater mediated by primary productivity and decay of organic matter (e.g., Arthur et al., 
1983; Krantz et al., 1987; Hickson et al., 1999; Schöne et al., 2005).  
 
In the later part of shell NL-0601-3, the correlation between δP
13
PC and δ P
18
PO suggests 
vital effects may influence δP
13




PC values of shell NL-0101-2 
have a diminished amplitude relative to the two other shells possibly relating to vital effects 
associated with ontogenetic change. Decreasing δP13PC values in all three shells as age 
increases may also relate to ontogenetic changes, which other studies have attributed to 
increased metabolic COB2B intake (e.g., Krantz et al., 1987; Klein et al. 1996; Elliot et al., 2003; 
Lorrain et al. 2004). Although δP
13
PC from shell NL-0601-3 varies simultaneously with δP
18
PO, 
there is a lag between δ P
13
PC and δ P
18
PO values of shells NL-0601-2 and NL-0101-2. Reasons for 
this time lag are unknown. Comparison of δP
13
PCBSHELL B with pH, δP
13
PCBDIC B, CO B2B or chlorophyll a 
concentration may help decipher the processes governing δP
13




Combining sclerochronology and oxygen isotope analysis in P. vulgata shells 
allowed us to develop a new archive to reconstruct coastal environmental conditions in mid 
to high latitudes in the eastern North Atlantic. Identification of major growth lines on the 
shell surfaces during sclerochronologic analysis coincide with the most positive oxygen 
isotope ratios suggesting the growth lines form annually during winter and represent 
slowdown or cessation of growth. Our hypothesis that P. vulgata precipitates its shell in 






PO. We found that δP
18
PO BSHELL B values are 1.51±0.21‰ more positive than 
predicted values and SST was underestimated by ~6.5°C compared to observed SST. 
However, this offset from isotopic equilibrium is predictable, and therefore, can be taken into 
account by subtracting 1.51‰ from δP
18
PO BSHELL B in the equilibrium fractionation equation for 
calcite and water (Kim and O’Neil, 1997). Other factors, such as mol-% Mg content, were 
considered, but ruled out. We conclude that δP
18
PO BSHELL B is a valuable proxy for climate 
reconstruction. 
 
We were unable to compare δP
13
PCBSHELL B with local δP
13
PCBDIC B, pH, CO B2B, or primary 




PC shellB Bvalues suggests that 
seasonal processes influence variation in δP
13
PCBSHELL B. Changes in the amplitude and trend of 
δP
13
PC over the lifetime of the individual suggest that vital effects and ontogeny may influence 
δP
13
PC values. Further study may find δ P
13
PCBSHELL B in P. vulgata a useful proxy for environmental 
and ecological change. 
 
P. vulgata has the potential to provide high-resolution climate records with which to 
study past climate change. Future work includes using archaeological shells of P. vulgata 
from Viking deposits (900-1550 AD) in the United Kingdom to potentially reconstruct 
climate during the Medieval Warm Period and early Little Ice Age. Resulting data on climate 
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2 16.07 1.58 
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4 14.76 1.45 
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6 14.09 1.39 
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Figure 2.1: Map of study area at St. Mary's Lighthouse in Whitley Bay, Northumberland, 
United Kingdom. The major city of Newcastle-upon-Tyne is included for reference. Dashed 
box indicates location of in situ and satellite SST data centered around a 1º grid. SST data 
provided by the National Oceanic and Atmospheric Administration (NOAA) Optimum 
Interpolation (OI) SST V2 database (NOAA-CIRES ESRL/PSD, 2006).
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Figure 2.3: SEM photomicrograph of the shell apex showing the five microstructural layers. 
The SEM image depicts the same microstructural layers identified in the acetate peels, and a 
digital photomicrograph was more easily produced from the former. Microstructural layers 
are labeled according to MacClintock (1967), where layers are defined relative to the 
myostracum (m). 
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Figure 2.4: Photomicrograph of shell surface immersed in Mutvei's solution depicting 
fortnightly, semidiurnal, and lunar growth increments (NL-0601-3). White circles indicate 
fortnightly bundles composed of semidiurnal and lunar growth increments. Scale bar 
represents 1 mm.
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Figure 2.5: Variation in δ18O and δ13C versus distance. A. Shell NL-0101-2, B. Shell 
NL-0601-2, and C. Shell NL-0601-3. Shells were sampled from the growing edge toward 
the apex (i.e., age decreases from left to right). Filled symbols represent δ18O values and 
open symbols represent δ13C values (diamonds: NL-0101-2, triangles: NL-0601-2, 
squares: NL-0601-3). Distance was measured from margin toward the apex (units in mm). 
Gray vertical lines indicate location of major growth lines.
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NL-0601-3 (older part of shell)
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Figure 2.7: Comparison of predicted versus measured δ18O. Gray line represents predicted 


















































Figure 2.8: Comparison of observed and estimated SST. Gray line represents observed SST. 
Filled symbols represent estimated SST from δ18OSHELL (diamonds: NL-0101-2, triangles: 
NL-0601-2, squares: NL-0601-3). A. Time series of observed and estimated SST. B. Time 
series of observed SST and corrected estimated SST. Subtracting 1.51‰ from δ18OSHELL of 
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RRH: VITAL EFFECTS AND δP
18
PO IN LIMPET SHELLS 
LRH: FENGER AND SURGE 
 




 Vital effects can produce disequilibrium in the oxygen isotope ratios (δP
18
PO) preserved 
in the carbonate skeletons of some marine organisms (e.g., limpets, barnacles, foraminifera, 
and corals). However, if the disequilibrium is predictable, then any offset can be taken into 
account, thereby providing a useful paleoenvironmental archive. The European limpet, 
Patella vulgata, exhibits a positive offset in δP
18
PO from expected equilibrium in the 
dominantly calcitic portion of its shell. To understand the source of offset in this genus, we 
analyzed a fully marine tropical species (P. stellaeformis) to minimize seasonal variation in 
environmental factors, such as temperature and salinity, that influence shell δP18PO. One P. 
stellaeformis specimen from Christmas Island in the South Pacific was selected to evaluate 
whether it has a similar positive offset from equilibrium as P. vulgata. This study tested the 
hypotheses that: (1) shell δP18PO values in tropical species also display vital effects; and (2) 
that the offset from equilibrium, if any, would be constant and predictable. Results of this 
study revealed that: (1) aragonite comprises most of the P. stellaeformis shell; and (2) 
δP
18
PO BSHELL B exhibits a -0.34±0.21‰ offset from expected equilibrium calculated using the 
aragonite-water fractionation equation, contrasting with our observations in P. vulgata. This 
discovery has prompted further thinking into what mechanisms might cause the disparity in 
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disequilibrium between P. stellaeformis and P. vulgata δ P
18
PO values. Differences in 
mineralogy or growth rates associated with temperature at different latitudes may play a role 




Variation in oxygen isotope ratios (δP
18
PO) of carbonate hard parts from aquatic 
organisms serves as a powerful proxy for climate reconstruction, but vital effects (i.e., 
physiological effects that influence the isotopic fractionation of the shell) commonly 
confound the environmental signal. Thus, assessing how vital effects influence δP
18
PO is 
important for accurate climate reconstruction. Many studies have focused on: (1) abiotic 
laboratory simulation of vital effects (e.g., McConnaughey 1989a); (2) controlled tank 
experiments (e.g., Spero and Lea, 1996; Spero et al., 1997; Owen et al., 2002; Suzuki et al., 
2005); and (3) techniques to remove vital effects from the δP
18
PO record (e.g., Smith et al., 
2000; Adkins et al., 2003). In situ studies are favorable because they provide a natural 
laboratory to study vital effects. Although large seasonal salinity and temperature changes 
and upwelling of cold water can complicate the δP
18
PO signal, studying specimens from 
locations where these complicating factors are minimal provides a simple system in which to 
investigate vital effects. Thus, these specimens can potentially be excellent comparative tools 
for other species living with multiple factors compounding the δP18PO signal.  
 
 Fenger et al. (submitted manuscript, 2006) suggested that vital effects influenced 
δP
18
PO in shells of Patella vulgata, resulting in a constant offset from expected equilibrium by 
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+1.51±0.21‰. To further explore the mechanisms causing this offset, a limpet specimen was 
collected from an open-sea environment uncomplicated by large seasonal temperature 
variation. A P. stellaeformis (synonym: P. flexuosa) shell from Christmas Island in the South 
Pacific (collected in October 1970) was analyzed for δP18PO to determine whether it 
precipitated its shell in isotopic equilibrium with the ambient water. Comparing measured 
δP
18
PO values to expected equilibrium values tested the hypotheses that: (1) shell δP18PO values 
in tropical species also display vital effects; and (2) that the offset from equilibrium (if any) 
would be constant and predictable. The goal of this study was to use this new information on 
equilibrium precipitation to better understand the source of disequilibrium in δP18PO of Patella 
shells. 
  
2. Study Area 
 
Christmas Island (also known as Kiritimati) is a tropical atoll in the southwest Pacific 
Ocean (1°52’N, 157°20’W) (Figure 3.1). Ocean processes, including the El Niño Southern 
Oscillation (ENSO), the Asian Monsoon System, and the Western Pacific Warm Pool, 
influence rainfall and sea surface temperature (SST) around the island, and consequently, 
affect the δP
18
PO of the ambient water (Fairbanks et al., 1997). Between 1960 and 1970, the 
island received an average of 53 mm of rainfall per month, with seasonal rainfall amounts 
ranging from 0 to 339 mm/month (Taylor, 1973; PACRAIN, 2006) (Figure 3.2). Fairbanks et 
al. (1997) reported salinity values representative of normal marine waters, ranging from 34.7 
to 35.2 psu (practical salinity units) (n=31). However, ENSO events can lower seawater 
salinity because of increased rainfall input; thus, potentially lowering δP18PO BWATER B values 
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around Christmas Island (Fairbanks et al., 1997; Evans et al., 1999). From 1960-1970, four 
ENSO index anomalies occurred from 1963-1964, 1965-1966, 1968-1969, and 1969-1970, 
producing El Niño events (D’Aleo, 2002). The largest ENSO index anomalies in 1963-1964 
and 1965-1966 resulted in an average of 104 and 134 mm/month of rainfall, respectively 
(Taylor, 1973; PACRAIN, 2006); smaller ENSO index anomalies occurred during 
1968-1969 (52 mm/month) and 1969-1970 (49 mm/month) (Taylor, 1973; PACRAIN, 2006). 
Salinity data from 1960-1970 was not available. 
 
SST measured monthly at Christmas Island from 1960-1970 reflects minimal 
seasonal influence and ranged from 25.15 °C to 30.00 °C and averaged 27.67±1.12 °C (data 
provided by the National Oceanic and Atmospheric Administration [NOAA] International 
Comprehensive Ocean-Atmosphere Data Set [ICOADS] 1-degree Equatorial Standard 
database; NOAA-CIRES, 2006). These SST values were used to calculate expected 
δ P
18
PO BSHELL Bfor comparison with measured δP
18
PO BSHELL B. Some months of the SST record 
contained no data; therefore, some gaps exist in the observed SST record used for this study. 
From 1995 to 1996, Fairbanks et al. (1997) collected 31 semimonthly seawater samples from 
Christmas Island to analyze δP18PO BWATER B. δP
18
PO BWATER B values averaged +0.41±0.04‰ 




3.1 Sclerochronology and Analysis of Shell Microstructure 
 
 One P. stellaeformis specimen (Museum No. 725883) was obtained from the curated 
collections of the Smithsonian Institution’s National Museum of Natural History (NMNH). 
The specimen was collected on October 28, 1970 from the Bay of Wrecks on the eastern side 
of Christmas Island, and measured 28.10 mm from anterior to posterior (Figure 3.3). It was 
cut from anterior to posterior, perpendicular to its maximum growth axis. The shell surface 
was polished to 1 µm diamond suspension grit. Acetate peels of the shell surface were made 
following procedures outlined in Richardson et al. (1979) and viewed under a low-power 
microscope (2.5x) to reveal the microstructural layers, mineralogy, and growth increments. 
These three features were used to establish a sampling protocol for isotopic analysis. 
 
3.2 Oxygen Isotope Analysis 
 
High-resolution microsampling was achieved using a Merchantek micromill fitted 
with a 0.3 mm dental burr. The outer, aragonitic, concentric crossed lamellar layer was 
chosen for microsampling because: (1) the outer calcitic layer in P. stellaeformis is not very 
extensive (MacClintock, 1967; Fuchigami and Sasaki, 2005); and (2) the inner aragonitic 
layer is in contact with the metabolically active visceral mass and may be subject to 
dissolution and resorption during anaerobic conditions (Lutz and Rhoads, 1977; Gordon and 
Carriker, 1978; Signor, 1982). Seventy-eight samples of carbonate powder were micromilled 
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at 60-110 µm spacing, parallel to growth direction, generating approximately 30 µg of 
material. Oxygen isotope ratios were analyzed on a Finnigan MAT 253 mass spectrometer 
coupled to an automated carbonate preparation system (Kiel IV) and are reported in per mil 
units (‰) relative to the VPDB carbonate standard. Corrections for P
17
PO were made according 
to Craig (1957). Precision of the instrument determined from replicate analyses was ±0.08‰. 
 




To test whether P. stellaeformis precipitated its shell in oxygen isotope equilibrium 
with ambient water, measured shell δP18PO B Bvalues were compared to expected equilibrium 
values. Expected values were predicted using observed monthly SST and the equilibrium 
fractionation equation for aragonite and water (Dettman et al., 1999, modified from 
Grossman and Ku, 1986): 
 
1000lnα = 2.559(10 P
6
P/T P2P) + 0.715     (3.1) 
 
where T is temperature in Kelvin and α is the fractionation factor between aragonite and 
water. The relationship between α and δ is: 
 
α = (δBARAGONITE B + 1000) / (δBWATER B+ 1000)     (3.2) 
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 where δ is expressed relative to VSMOW. A δP
18
PO BWATER B value of +0.41‰ (VSMOW) was 
used, based on reported δP
18
PO BWATER B values for Christmas Island (Fairbanks et al., 1997). 
Conversion of δP
18
PO values from the VSMOW to VPDB scale was achieved using the 




PO B (VPDB)B = (δP
18




4.1 Mineralogy and Microstructure  
 
Acetate peels confirmed the preservation of original mineralogy and revealed three 
microstructural layers (defined relative to the myostracum or muscle attachment site “m”): 
(1) an inner, radial crossed lamellar, aragonite layer (m-1); (2) an outer, concentric crossed 
lamellar, aragonite layer (m+1); and (3) an outer, irregular complex crossed foliated, calcite 
layer, with patches of radial fibrous prismatic calcite (m+2) (MacClintock, 1967; Fushigami 
and Sasaki, 2005). The inner radial crossed lamellar, aragonite layer is located next to the 
metabolically active visceral mass and may be subject to dissolution and resorption during 
anaerobic conditions. Therefore, this layer was not chosen for isotopic sampling. The 
aragonitic, concentric crossed lamellar layer occupied a large portion of the outer 
microstructure. Acetate peels identified three prominent growth lines within this outer 
aragonite layer. Sampling was conducted within the outer aragonite layer using the growth 
lines to determine sample spacing. 
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4.2 Measured Oxygen Isotope Ratios 
 
 Variation in δP
18
PO is relatively flat compared to other molluscan species from higher 
latitudes (Figure 3.4A). δP
18
PO values range from -1.73‰ to -0.92‰ (VPDB) and average 
-1.38±0.21‰. The three major growth lines do not consistently occur at similar locations 
along the profile of δP
18
PO values (i.e., at the most positive or most negative values, indicative 
of seasonal growth cessation). There is a slight trend toward more positive values with 
increasing age. 
 
4.3 Expected Oxygen Isotope Ratios 
 
The expected δ P
18
PO time series has a more or less jagged sinusoidal pattern, which 
may result from missing data in the SST record for some months (Figure 3.4B). The time 
series represents expected monthly equilibrium values from March 1960 through September 
1970. Expected δ P
18




5.1 Growth Line Formation 
 
Annual growth lines form in many species due to: (1) cold or heat stress; (2) 
reproductive processes (i.e., spawning); and/or (3) food supply, and typically coincide with 
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growth cessation within a particular season (Pannella and MacClintock, 1968; Lutz and 
Rhoads, 1977; Jones 1983; Arthur and Allard, 1987; Jones et al., 1989; Jones et al., 1990; 
Cerrato et al., 1991; Jones and Quitmyer, 1996; Surge et al., 2001; Schöne et al., 2005). In 
tropical mollusks, annual lines can often occur from slowdown or cessation in growth during 
spring or summer triggered by exceeding maximum temperature thresholds (e.g., Jones and 
Quitmyer, 1996; Quitmyer and Jones, 1997; Surge et al., 2001). In contrast, Jones et al. 
(1986) reported no reduction in growth rate in the younger years of the mollusk, Tridacna 
maxima, because of the relatively constant temperature in the tropics. Similarly, the relatively 
uniform temperature in the tropics causes the absence of tree rings in most tropical tree 
species. In this study, prominent growth lines identified during sclerochronologic analysis are 
not annual because they do not consistently occur during a particular season inferred from 
variation in δP
18
PO. The identified growth lines likely represent some other disturbance 
(biological or physical). 
 
The growth lines in P. stellaeformis may relate to periods of reduced salinity. 
Reduced salinity causes non-annual disturbance lines in other mollusks, and thus may 
explain the growth lines identified in P. stellaeformis (e.g., Almada-Villela et al., 1984; 
Christophersen and Strand, 2003; Gillikin et al. 2005). The 1960-1970 rainfall records show 
increased precipitation from February through June or July, representing the normal rainy 
season, and increased precipitation from December through March or April during El Niño 
years (Taylor, 1973; PACRAIN, 2006). The growth lines may reflect growth cessation 
resulting from reduced salinity during these periods of increased precipitation. Sampling 
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other P. stellaeformis specimens with known salinity records may allow testing of this 
hypothesis. 
 




Because the identified growth lines are not likely annual, assigning precise calendar 
dates to the measured δP
18
PO values is difficult. However, the range of expected and measured 
δP
18
PO can be compared, and indicate that the two sets of values are slightly different (Figure 
3.4). Expected δP
18
PO values average -1.04±0.21‰, whereas measured shell δP
18
PO B Bvalues 
average -1.38±0.21‰. The average offset between expected and measured δP
18
PO is 
0.34±0.21‰ (tBsB=-8.61, t B0.05[57]B=1.98, p<0.001). However, reduced salinity during rainfall 
events may have affected the δP
18
PO BWATER B value used in the equilibrium fractionation equation 
to calculate expected δP
18
PO values. If reduced salinity lowered the δP
18
PO BWATER B value, expected 
δ P
18
PO during these rainy periods would shift toward values that are more negative. Therefore, 
periods of reduced salinity may produce an apparent disequilibrium between expected and 
measured δP18PO. 
 
To evaluate how this offset affects SST reconstruction, δP18PO BSHELL Bvalues were 
converted to estimated SST using the equilibrium fractionation equation (Eq. 3.1), assuming 
a δ P
18
PO BWATER B value of +0.41‰ (Figure 3.5). SST estimated from δP
18
PO BSHELL B ranges from 27.0 
°C to 31.4 °C and averages 29.5±1.1 °C. In comparison, observed SST from 1960-1970 




PO BSHELL B overestimates observed SST by ~2 °C. If the equilibrium fractionation 
equation is adjusted by subtracting 0.34‰ from δP18PO BSHELL B, resulting estimated SST ranges 
from 25.2 °C to 29.5 °C and averages 27.7±1.1 °C. This adjustment produces alignment 
between the average observed and estimated SST values. Estimated SST calculated using 
adjusted δP
18
PO BSHELL B accurately represents minimum observed SST; however, adjusted 
estimated SST does not accurately represent maximum observed SST (by ~0.5 °C). Two 
possibilities may explain the potential offset from maximum observed SST: (1) the organism 
does not record the warmest seasonal temperatures due to devoting energy toward 
reproduction or temperatures exceeding optimal growth temperature (however, the 
sclerochronological analysis does not support this idea); or (2) estimated SST may not span 
the same time range as observed SST (i.e., 1960-1970), therefore, the shell did not record the 
maximum SST value from June 1966.  
 
Alternatively, the possibility exists that reduced salinity from rainfall events lowered 
the δ P
18
PO BWATER B value used to calculate estimated SST. If a more negative δP
18
PO BWATER B value 
was used, then accordingly, unadjusted estimated SST during these rainy periods would be 
lower than the current estimates (i.e., the more negative δP
18
PO BWATER B value produces a larger 
fractionation factor, which inversely relates to temperature [see Eq. 3.1]). If this is the case, 
then reduced salinity may help explain part of the negative offset from expected equilibrium. 





5.3 Comparison of Microstructure and Mineralogy between Patella Species  
 
Many studies of carbonate shell mineralogy and microstructure have suggested that 
temperature influences the biological controls for the proportion of calcite to aragonite in 
shell material, with calcite initially evolving in shells of organisms predominantly living in 
colder marine environments, and with representatives of the same bimineralic species having 
a higher calcite/aragonite ratio in colder water (Lowenstam, 1954a; Lowenstam, 1954b; 
Kennedy, 1969; Taylor, 1973; Burton and Walter, 1987; Lowenstam and Weiner, 1989; 
Carter et al., 1998). These generalizations do not apply to the present study, where all of the 
species considered have both calcite and aragonite, but different species are compared. It is 
nevertheless interesting that P. stellaeformis and P. vulgata differ in the proportion of calcite 
in their shells in agreement with these temperature trends, with the cooler water species 
having a proportionally much thicker calcitic component (Figure 3.6).  
 
Acetate peels confirm the presence of three microstructural layers in P. stellaeformis, 
contrasting with the five microstructural layers observed in P. vulgata. A radial 
crossed-lamellar, aragonite layer occupies the entire inner portion of the P. stellaeformis shell 
(i.e., interior to the myostracum); whereas, portions of the inner part of the P. vulgata shell 
contain radial crossed-foliated calcite that interlaces with the radial crossed-lamellar 
aragonite. The concentric crossed-lamellar, aragonite layer that dominates the outer portion 
of the P. stellaeformis shell, occupies a minor portion of the outer microstructural layers in P. 
vulgata. Likewise, the outer, concentric and radial crossed-foliated, calcite layers that 
dominate the outer portion of the P. vulgata shell, exist only as a thin outer, irregular 
  59
complex crossed-foliated, calcite layer (with minor patches of radial fibrous prismatic 
calcite) in P. stellaeformis.  
 
The observation of an irregular complex crossed-lamellar, calcite layer in P. 
stellaeformis agrees with the findings of Fuchigami and Sasaki (2005), where the 
microstructural layers of the shell structure group (originally defined in MacClintock’s 
[1967] systematic study of patellogastropod shell structure) containing P. stellaeformis were 
redefined. MacClintock (1967) observed concentric and radial crossed-foliated, calcite 
microstructural layers on the dorsal surfaces of this shell structure group. In contrast, 
Fuchigami and Sasaki (2005) observed only the irregular complex crossed-foliated, calcite 
microstructural layer in radial and transverse shell cross-sections using scanning electron 
microscopy. P. vulgata belongs to a different shell structure group than P. stellaeformis; 
therefore, this study’s observations of the outer, concentric and radial crossed-foliated, calcite 
layers agrees with MacClintock’s (1967) original observations of P. vulgata. 
 
Although genetic differences control the presence and absence of calcite in these two 
species, and largely control the general proportions of their shell calcite and aragonite, minor 
differences in their calcite/aragonite ratios may be attributable to temperature associated with 
different latitudes. Testing this idea within a single species (i.e., using P. stellaeformis or P. 
vulgata shells from different latitudes) would be ideal to confirm whether temperature 
influences the calcite/aragonite ratio in Patella shells. Such a study is currently underway. 
Temperature and its relationship to the biological controls on shell formation may influence 
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the proportions of aragonite and calcite, and may affect the isotopic composition of those 
respective mineralogies.  
 
5.4 Comparison of Oxygen Isotope Ratios between Patella Species 
 
To evaluate the influence of vital effects on the δP
18
PO disequilibrium of shells of P. 
vulgata, δ P
18
PO BSHELL B of P. vulgata was compared to δP
18
PO BSHELL B of P. stellaeformis. The 
comparison revealed that the average -0.34±0.21‰ offset from equilibrium in P. 
stellaeformis contrasted with the +1.51±0.21‰ offset from equilibrium in P. vulgata. This 
contrast suggests that vital effects influence the δ P
18
PO BSHELL B values of the two species 
differently. Other studies have found similar positive offsets from equilibrium in the calcitic 
shell layers of different Patella species (Shackleton, 1973; Cohen, 1995), suggesting that the 
difference in species does not likely cause the disparity in disequilibrium. 
  
 Instead, the disparity in disequilibrium may be due to differences in mineralogy (i.e., 
in P. stellaeformis aragonite shell material was analyzed, whereas in P. vulgata calcite shell 
material was analyzed). If P. stellaeformis were to display a similar positive offset from 
equilibrium as P. vulgata, the +0.6‰ oxygen isotope fractionation between aragonite and 
calcite (Tarutani et al., 1969) would predict a +2.11‰ (i.e., +1.51‰ plus +0.6‰) offset 
from equilibrium. In contrast, P. stellaeformis δ P
18
PO values are much closer to isotopic 
equilibrium than the aragonite-calcite fractionation relationship predicts and as compared to 
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the isotopic offset observed in P. vulgata. Therefore, different vital effects may be associated 
with aragonite formation versus calcite formation.  
  
Because carbonate shell precipitation is a biologically-mediated process, many factors 
can influence the formation of aragonite compared to calcite. Aragonite and calcite have 
different crystal lattice configurations (i.e., orthorhombic in aragonite and hexagonal in 
calcite), which may influence how much biological energy is required to organize the 
different crystal types into the shell. The stereochemistry of the soluble proteins is different 
for aragonite deposition versus calcite deposition (Weiner, 1979; Watabe, 1984; Falini et al., 
1996). Biomineralization of aragonite and calcite exist under differing degrees of biological 
control, ranging from “biologically induced” to “biologically controlled” (Lowenstam, 1981; 
Mann, 1983). Any of these factors may potentially produce different vital effects that 
influence aragonite and calcite δP
18
PO in different ways.  
 
Environmental factors also influence precipitation of aragonite versus calcite. 
Although calcite is the more stable form of calcium carbonate at standard biological 
temperatures and pressures, the present Mg concentration in normal seawater causes crystal 
poisoning of the calcite. Consequently, aragonite accumulates at a higher rate even though it 
is the less stable form. Current thinking suggests that the stereochemistry of the 
EDTA-soluble organic matrix controls Mg concentration to induce calcite deposition 
(Wilbur, 1976; Watabe, 1981; Weiner, 1979, 1986; Falini et al., 1996). The effort required by 
the organism to induce calcite deposition may influence the oxygen isotope composition of 
the calcite differently compared to aragonite.  
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 The differing degree of biological control may relate to the evolution of molluscan 
shell. Most paleontological studies conclude simple aragonite prisms and nacreous aragonite 
are the ancestral form of calcium carbonate shell material (e.g., Douvillé, 1913; Taylor, 1973; 
Carter and Tevesz, 1978 and others). Evolutionary adaptations in shell material have led to 
more complex microstructural patterns, such as crossed-lamellar and foliated microstructures 
(Taylor, 1973; Carter and Tevesz, 1978; Carter 1980). Calcite formation also arose from 
these evolutionary adaptations, potentially developing due to colder temperatures, increased 
predation, or change in lifestyle/mobility (Kennedy et al., 1969; Stanley, 1972; Vermeij, 
1987). If calcite precipitation involves increased biological control and complexity, then 
conceivably, this increased effort influences calcite δP
18
PO and potentially results in the 
increased amount of disequilibrium observed in calcite δP18PO compared to aragonite δP18PO of 
limpet shells.  
 
Sampling both the outer aragonite and calcite microstructural layers within an 
individual limpet shell may provide additional information on the differences in vital effects 
associated with the two mineralogies. Unfortunately, testing this idea with either P. vulgata 
or P. stellaeformis shells is difficult due to the thickness of the aragonite and calcite 
microstructural layers in the respective shells. Moreover, according to MacClintock’s (1967) 
study of the superfamily Patelloidea, testing this idea may be difficult within Patelloidea 
because most groups have similar problems with the thickness of the outer aragonite and 
calcite layers (with the exception of the endangered species P. mexicana) or do not contain 
both mineralogies. Choosing another molluscan group with mixed mineralogy or two 
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coexisting species with differing mineralogy may provide a better alternative for evaluating 
differences in vital effect associated with mineralogy.  
 
Alternatively, the disparity in disequilibrium may relate to growth rate differences 
associated with temperature at different latitudes. P. stellaeformis living in the tropics likely 
grow much faster than P. vulgata at mid latitudes. The difference in growth rates relates to 
the warmer temperatures experienced in tropical environments (Lowenstam and Weiner, 
1989). Moreover, faster shell precipitation can often lead to lower oxygen isotope ratios 
(Erez, 1978; McConnaughey, 1989b), thus, the negative δP
18
PO disequilibrium in P. 
stellaeformis may relate to faster growth rate. A latitudinal study using Patella spp. is 
currently underway to test whether the δP18PO disequilibrium decreases with decreasing 
latitude.  
 




PO of one P. stellaeformis shell from Christmas Island in the South Pacific was 
analyzed to evaluate whether it had a similar positive offset from equilibrium as P. vulgata. 
The following hypotheses were tested by comparing measured shell δ P
18
PO with expected 
δ P
18
PO: (1) P. stellaeformis shell δP18PO values display vital effects similar to P. vulgata; and (2) 
the offset (if any) from equilibrium would be constant and predictable. Our findings indicated 
that measured δP18PO BSHELL B exhibited an average -0.34±0.21‰ offset from expected 
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equilibrium values. This disequilibrium may be real or apparent if increased precipitation 
lowered δP
18
PO BWATER B, and consequently, lowered expected equilibrium values. 
 
 Comparison of P. stellaeformis and P. vulgata revealed that: (1) aragonite comprises 
most of the P. stellaeformis shell (compared to the dominantly calcitic shell of P. vulgata); 
and (2) the negative offset in δP
18
PO from expected equilibrium of P. stellaeformis contrasts 
with observations of P. vulgata. The disparity in disequilibrium indicates that vital effects 
influence the two species differently. This discovery has prompted further thinking into what 
mechanisms might cause the differences in disequilibrium between P. stellaeformis and P. 
vulgata δ P
18
PO values. Differences in mineralogy or growth rates associated with temperature 
at different latitudes may play a role in mechanisms that influence vital effects. Further study 
may provide additional information to understand the observed differences in δP
18
PO 
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Figure 3.1: Map identifying collection locality (figure modified from U.S. Geological 
Survey Earth Resources Observation and Science [EROS] Global Digital Elevation Model 
[GTOPO30]). Star denotes location of Christmas Island (also known as Kiritimati) 
(1°52'N, 157°20'W).
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Figure 3.2: Record of precipitation for Christmas Island from 1960-1970 provided by the 
Pacific Rainfall Data Base and the University of Hawaii, Department of Meteorology 
(Taylor, 1973; PACRAIN, 2006). El Niño Southern Oscillation events occurred in 1963-1964, 

































































Figure 3.3: Photograph of cross-sectioned P. stellaeformis shell, cut along maximum growth 
axis. Specimen was collected from the Bay of Wrecks, Christmas Island on October 28, 1970 
and curated at the Smithsonian Institution's National Museum of Natural History (Museum 
No. 725883). Major units are centimeters.
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Figure 3.4: A. Variation in shell δ18O (‰ VPDB) versus distance from the apex toward the 
growing edge (i.e., age increases toward the right). Arrows denote location of growth lines. 
B. Time series of expected δ18O based on observed monthly SST and the equilibrium 




































































Figure 3.5: Comparison of observed and estimated SST. A. Time series of observed SST from 
March 1960 to September 1970 (obtained from the NOAA-CIRES ICOADS 1-degree 
equatorial standard database). B. Estimated SST from δ18OSHELL versus distance from apex 
toward the growing edge (i.e., age increases to the right). Open black symbols represent 
estimated SST using unadjusted fractionation equation. Closed black symbols represent SST 
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Figure 3.6: Comparison of microstructure between P. stellaeformis (A, C) and P. vulgata 
(B, D). Schematic diagrams illustrate the number and thickness of microstructural layers for 
each species. Microstructural shell layers are defined relative to the myostracum or muscle 
attachment site (labelled "m") (terminology based on MacClintock, 1967). Shaded layers 
represent calcite and non-shaded layers represent aragonite. Photographs of P. stellaeformis 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX B: Elemental Ratios and Mol-% Mg for Shell NL-0101-3 
 
NAME: Fenger, Tracy 
PROJECT: Newcastle Limpets 
DATE IN: 11/7/2005 
 
    Mg/Ca Sr/Ca   
ID Randomized ID mmol/mol ratio mol % Mg 
NL-0101-3-1 32 14.60 1.392 1.437 
NL-0101-3-3 2 16.07 1.393 1.579 
NL-0101-3-5 35 15.06 1.380 1.482 
NL-0101-3-7 14 14.76 1.372 1.453 
NL-0101-3-9 5 14.45 1.387 1.423 
NL-0101-3-11 29 14.09 1.394 1.387 
NL-0101-3-13 1 13.88 1.410 1.367 
NL-0101-3-15 36 14.51 1.398 1.428 
NL-0101-3-17 11 14.77 1.384 1.453 
NL-0101-3-19 27 14.79 1.388 1.456 
NL-0101-3-21 4 14.83 1.390 1.460 
NL-0101-3-23 38 14.44 1.390 1.421 
NL-0101-3-25 18 15.19 1.386 1.494 
NL-0101-3-27 8 15.48 1.386 1.522 
NL-0101-3-29 23 15.63 1.415 1.536 
NL-0101-3-31 24 15.76 1.448 1.550 
NL-0101-3-33 10 15.91 1.478 1.564 
NL-0101-3-35 31 16.13 1.528 1.585 
NL-0101-3-37 20 15.52 1.498 1.526 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX C: Oxygen and Carbon Isotope Ratios of Patella stellaeformis Specimen 
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